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Abstract

The angular momentum misalignment for fragments produced in deep
inelastic scattering is discussed in terms of the thermal excitation
of angular-momentum-bearing modes in the intermediate complex.
Analytical expressions for the in- and out-of-plane angular distri-
butions are obtained for sequentially emitted particles and fission
fragments. The angular momentum dependence of the ratio between
particle and neutron decay width is explicitly treated and found to be
guite important. Similarly angular distributions are obtained both
for dipole and quadrupole gamma decay. The theoretical results are
compared with experimental angular distributions of sequential fission
fragments, sequential alphas and gamma rays and a good agreement is

found.

*This work was supported by the Nuclear Science Division of the U. S.
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Introduction

In heavy ion collisions leading to deep inelastic reactions one
observes the formation of a partially equilibrated, relatively short-
lived intermediate complex, or dinuclear systemel During the
collision, angular momentum is transferred from orbital motion to
intrinsic rotation‘ZES Furthermore, additional angular momentum can
be generated in the two nuclei by the excitation of angular-momentum-
bearing modes of the intermediate comp1ex,6

Several determinations of the magnitude of the transferred angular
momentum have been performed, mostly by measuring the associated gamma
ray multiplicities, both as a function of the Q value and of the exit
channel mass as;./rramei:rr*yaz“5 There is, in general, an increase of the
transferred angular momentum with increasing Q va]uesz Frequently
the secular equilibrium limit of rigid rotation seems to be attained°495
This is especially clear in reactions involving narrow f%-windows, where
the characteristic rise of the total fragment spin with increasing exit
channel asymmetry has been observedeQ’S

Just as interesting as the magnitude of the transferred angular
momentum is its alignment. Angular momentum misalignment occurs when
in-plane components of the angular momentum are present. These com-
ponents can be generated either directly by some unknown feature of
the reaction mechanism, or can be associated with thermal fluctuations
of the angular-momentum-bearing modes of the intermediate complex. In
a theoretical investigation of the latter case, these modes have been

identified and the distribution of the fluctuating components of the

fragment angular momenta have been derived.®



The angular momentum misalignment can be determined from the
angular distributions of particles or photons emitted by one or both
fragment, or from the angular distribution of sequential fission frag-
ments. Measurements of angular distributions of sequential alpha

particles7 and gamma rays8’1o 11-13

as well as of fission fragments have
been performed. The analysis of these data requires expressions for
the in- and out-of-plane angular distributions, and their specific
dependence upon the distributions of the three angular momentum
components,

Assuming that these angular momentum distributions are gaussian,
we have derived analytical, pocket-size expressions for the angular
distributions of sequential light particle emission and fission,
specifically accounting for neutron competition effects. The detailed
form of the in and out-of-plane angular distributions is discussed,

Similarly, expressions for the angular distributions for the gamma
rays both of E1l and E2 multipolarities are derived.

In both cases semiclassical approximations have been adopted.
While these expressions are quite general, as they depend only on the
Gaussian distribution of the three angular momentum components, it is
instructive to apply these equations to a specific model. In partic-
ular the results of the statistical model are used to perform calcu-

lations for specific reactions and to compare the results with the

corresponding experimental data.



Statistical Excitation of Angular Momentum Bearing Modes

Let us consider a frame of reference where the z axis is parallel
to the entrance-channel angular momentum, the x axis is parallel to
the recoil direction of one of the fragments, and the y axis is
perpendicular to the z,x plane.

A misalignment of the fragment angular momentum arises when
non-vanishing x and y components of the fragment angular momentum are
present. Among the possible sources of these components, the thermal
excitation of angular momentum-bearing modes of the intermediate
complex appears very likely and can be readily investigated,6

If the intermediate complex is assumed to have the shape of two
equal touching spheres, the angular momentum bearing normal modes are
easily identifiable. In fig. 1 these modes are illustrated. We shall
call them "bending," B (doubly degenerate), "twisting" Tw (degenerate
with bending), "wriggling" W (doubly degenerate) and "tilting" Ti.

In a recent work, the statistical mechanical aspecis of the
excitation of these modes has been studied in detail. Here we report
only the relevant conc1usions,6

The thermal excitation of these collective modes leads to Gaussian

distributions in the three components Ix’ Iy, IZQ namely:
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The quantity\Q is the moment of inertia of one of the two touching
spheres, and T is the temperature.

The assumption of two equal touching spheres is admittedly
schematic. However, the generalization to two equal touching spheroids
or for that matter to an arbitrary symmetric scission configuration is
complietely trivial and left to the readers who may have a better idea
about the fragment deformation at the scission configuration.

Frequently the degree of alignment of the fragment spins is
expressed in terms of the alignment parameter P__ = 3/2 fg/?z - 1/2. If
Oy = 0y =0, =0 it is possible to express the alignment parameter PZZ in
terms of o and the average z component of the fragment angular

momentum TZ as follows:
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Angular Distributions of Sequential Fission and of Sequential Light

Particle Emission

The magnitude of the angular momentum misalignment can be measured
through the in- and out-of-plane angular distribution of the decay
products of one of the two fragments. It has been shown elsewhere that
the angular distribution of fission fragments and of light particles
emitted by a compound nucleus can be treated within a single frameworkel4

The direction of emission of a decay product (fission fragment,
a-particle, etc) is defined by the projection K of the fragment angular
momentumvon the disintegration axis. Simple statistical mechanical
considerations show that the distribution in K values is Gaussian.

Specifically, for any given K, the particle decay width can be

written as:
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where T° 1is an angular momentum independent quantity; T is the
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temperature; K h“z(llﬁn - 1Aﬁl)“lT;§§“5\ﬂi are the prin-

cipal moments of inertia of the decaying system with particle and
residual nucleus just in contact, about an axis parallel and perpen-
dicular to the disintegration axis respective1y;gﬁc is the moment of

inertia of the compound nucleus.
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Similarly, the neutron decay width, integrated over all the neutron

emission directions is

0 2.2
- Wl (1 1
e e [ (5 ) a

In this expressionwﬂN :«QR + uR2§ corresponding to~§l in eq. (3),
is the sum of the moment of inertia of the residual nucleus after
neutron decay and the orbital moment of inertia of the neutron at the
surface of the nucleus.

Let us now express the particle decay width in terms of the
emission angle o measured with respect to the angular momentum
direction.

Since K = I cosa and dK = Id(cose) = IdQ , we obtain:

2.2 2.2
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If the angular momentum has an arbitrary orientation with respect to

our chosen frame of reference, defined by its components Ix5 1 1

y9 29

the angular distribution can be easily rewritten by noticing that

K=1¢0sa = Len = Ixsing cosg + Iysine sing + Izcose

where n is a unit vector pointing the direction of particle emission
with polar angles e,6. If the orientation of the angular momentum is

controlied by the distribution
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we can integrate over the distribution of orientations and we obtain,

dropping angular momentum independent f‘actors:l6
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where:

Sz(esﬁ) = g + (cf ceszé + o§ sinzé) sinze + cg cosze (8)

In the above expression (7) we have set IZ = I, in other words we
have averaged over the orientation but we have allowed the decay width
to depend only upon the average angular momentum set equal to its z
component. This expression should then pbe considered only as a high
angular momentum Timit (o/I << 1).

The final angular distribution is obtained by integration over the
fragment angular momentum distribution which we assume to reflect the
entrance channel angular momentum distribution through the rigid

rotation condition:



where we have made the frequently valid approximation Iy = Iy
More precisely:
I
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The quantity\ﬁn is the moment of inertia of the nucleus after neutron
emissiona\ﬂ| is the perpendicular moment of inertia of the critical

shape for the decay (e.g., saddle point)e14



It is important to notice that the angular momentum dependence of

the particle/neutron competition or fission/neutron competition is

explicitly taken into account through 8.

been neglected in recent work on sequential decay.

This point seems to have

The final ingredient necessary for an explicit calculation of the

angular distributions is the quantity Ko“ This quantity can be

expressed in terms of the principal moments of inertia of the critical

configuration for the decay:

-1
2 1 /1 1
Ko = %5’(31"—.§I> T = LopeT

For fissionnﬁeff can be taken from the liquid drop calculations.

(13)

16

For lighter particle emission, the calculation of\ﬂeff can be worked

out trivially. Let m, M, A be the masses of the light, residual and

total nucleus. One obtains:

2wl . 2 .2
\Q‘“:?}*MR +=§=m¥‘
b 2 wnl Mo 2
J = R +£‘_Z\=(R+r)

‘gsph

4 5/3
eff (M 2 A{ R
= <K> E’+'§' ﬁ'(R + r

)]

where r and R are the radii of the 1light particle and residual nucleus

respectively.
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This result is adequate if m << M and if the charge of the light
particle is small. If the charge of the light particle is not negli-
gible, one has to consider the shape polarization induced on the heavy
fragment at the ridge point, as discussed in ref. 14. Since the shape
polarization affects the asymptolic kinetic energy of the emitted
particle as well, one can in principle utilize the particle kinetic
energy spectra to verify that the shape of the system at the ridge
point and its principal moments of inertia have been properly chosen°7
Again a more complete discussion on this point is available in ref. 14.

Calculations of sequential fission angular distributions performed
with a special combination of semiclassical and guantum mechanical
approaches are described in ref. 17. In these calculations no neutron
competition is accounted for, nor angular momentum fluctuations about
the z axis. We shall point out the effect of neglecting these aspects
of the problem later-on.

Now we are in the position to calculate both in-plane and out-of-
plane anisotropies.

The in plane anisotropy gives:

172

2. 2
(g = 90°) Ko 7oy
e 22

o %y

(15)
W(g = 07)

0=90" Ko
Since in most cases Ki is fairly large, or at least comparable with

02 or cig it is difficult to obtain a sizable in-plane anisotropy.

X
Even by letting g, = 0 one needs 05 = 3 Ki just to obtain the
anisotropy of 2: The out-of-plane anisotropy is somewhat more

complicated: For a fixed angular momentum I one has:



1/2
2. 2
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For the usual angular momentum distribution one obtaines:

=
o
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At ¢ = 90" the anisotropy is obtained from the above equations by

interchanging oy with e

Some Calculations for Sequential Fission and Alpha Decay and Comparison

with Data
The results obtained above can be illustrated by applying them to

a reaction which has been experimentally investigated. We choose

86 11 For this reaction we estimate

-2

Kr + Au.
2

the reaction 600 MeV

2

5 = 100 b, 8 = 0.00194 h

4 ) ;
gpnMeps = 1-864, K

02 = 110 hza In order to simultaneously appreciate the shapes of the

s Imx = 40h,

in- and out-of-plane angular distributions possible in sequential

fission, we have artificially set 65 = 0, o§ = ai = 110 hzo The

results are shown in fig. 2. In this figure one readily appreciates

the connection between the in-plane and the out-of-plane angular dis-

tributions. In particular, it is apparent how an in-plane anisotropy
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must necessarily be associated with a variation of the out-of-plane
width with the in-plane angle.

We have stressed already that the competition between fission and
neutron decay must be dealt with specifically because of the strong
dependence of [p upon angular momentum. This is illustrated in

fig. 3 where we have set 02 = 02 = ci = 110 hz and we have assumed

X N

g = 0.00194 172 in one case, and 0.000 n™%4n the other. The effect
is gquite dramatic, and clearly must be incorporated in the formalism
if one intends to obtain reliable angular momentum values from it.
For instance, in order to compensate for setting 8 = 0.000 instead of
(.00194 hfz it is necessary to step-up the angular momentum Imx from
40 to 55 h.

The predicted FWHM = 54° can be compared with the data1l

shown
in fig. 4. The agreement is guite satisfactory.

The present calculations can be compared to those in ref. 17 where
no angular momentum distribution is assumed and thus no neutron
competition is included. In the same work no fluctuation in the z
component of angular momentum is allowed. Neglection of o, (oz = 0)
cannot be directly translated into a variation in the angular momentum,
because of the difference in the functional dependence. However, a
decrease of Imx from Imx = 40 h to Imx = 34 h approximately com-
pensates for setting o, = 0. This range of more than 20 h illustrates
how dependent is the inferred fragment angular momentum upon the

inclusion of angular momentum fluctuations about the z axis and upon

the inclusion of neutron competition. Extreme caution is obviously in



13

order when the extracted angular momenta are compared with theoretical
predictions, like the rigid rotation limit.

In the same spirit as for sequential fission we show some calcu-

84

lations for sequential alpha decay in the reaction 664 MeV ~ 'Kr + Ag.

The alpha particles are assumed to be emitted by the Ag-like nucleus.

2 2 2

2
o~ 365 h".

e estimate I = 36 h, o’ = 68 h’, s = 0.00137 H7% and K

The results are shown in fig. 5. For comparison a calculation with

02 = 0 is also shown in order to illustrate the sensitivity to mis~
alignment. Examples of fits to experimental data7 are shown in

fig. 6. From these data it is possible to infer the dependence of the
heavy fragment spin upon mass asymmetry. It is observed that its value

is close to that of rigid rotation (fig. 7).

Gamma ray angular distributions

Fragments with large amounts of angular momentum are expected to
dispose of it mainly by stretched E2 decay. The relative amounts of
dipole and quadrupole radiation depend mainly upon the ability of the
nucleus to remain a good rotor over the whole angular momentum range.

If the angular momentum of the fragment is aligned, the typical
angular pattern of the quadrupole radiation should be observed. Any

misalignment should decrease the sharpness of the angular distribution.
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y’ IZ

is statistical, it is straightforward to derive analytical expressions for

If the distribution of the angular momentum components ng I

the angular distributions.

For a perfectly aligned system we have:

W(o) = % (1 +cose) 3 W(a) = % (1 - cos'a) (17)
for E£1 for E2

If the angular momentum is not aligned with the z axis, one must
express o in terms of e, ¢ which define the direction of the angular

momentum vector. In particular we have:

COSa = = — 77 (18)

It is to be noticed, at this stage, that we assume the angular momentum
to behave as a classical vector. For any given I, the angular dis-
tribution is obtained by integration over the statistical distribution
P(I) of the angular momentum components:

=

W(e,8) = fu(a) P(1) dl (19)

Lt

It is not possible to obtain exact analytical expression for the

general case. However, an expansion to order gi/f?, oi/fég etc.

allows one to obtain expressions in closed form.
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For the dipole decay we have:

2
g
W(e,p) = %{1 + cosze) + %a(sinze c052¢ - cosze) t%= (20)
Iz
U2
+ (sinze sinzé - cosze) :%
Iz
Notice that there is no dependence upon cga In the case in which
g, = Gy = g, we obtain the simplified expression:
3 2. .3, .2 2\ o
W(e,p) = Z'(l + cos“e) + Z—(sin o - 2c0s7e) =5 (21)
Iz
A weak in-plane anisotropy is possible:
2,372 2 2
W(p = 0°) | l‘*’c»"x/fz oy = 9y
SR = 5y = 1+ = (22)
W(g = 90 )ez9o° 1+ oy/IZ IZ
The out-of-plane anisotropy is:
2,572
0 (1 -67/12) -
LG i = 2(1 - 26°/1) (23)
W(90") (I +o°/13)

For the quadrupole decay we have:
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2
g
W(e,p) = g-(l - cosge) - %» (3 sinze cosze c052¢ - c0549) T%
Iz
O2
+ (35in2@ cos’o sin2® - ccsie) :%= (24)
Iz
Again, no dependence upon ag is predicted. If one assumes
Oy = 0y =0 as before, one obtains:
W(e) = %—(1 - cos49) - g»(Bsinze cosze -~ 2cos4e) 02/E§ (25)
and
0 2
L (26)
W(90") I
z
For the in plane anisotropy we have:
W(p = 0°) -1 (7]
o 27
W(g = 907) lg_gg°

to order azlfge This can be easily understood. The rms misalignment

is ~o/1, thus, at e = 90°:

Al o g o
W(90) = 1 - cos'|90" - T} =1 - 3f
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Thus, no second order term exists. This result shows that its is very
difficult to study anisotropies in the angular momentum misalignment
by means of y-ray angular distribution.

The range of validity of the above expressions is rather lTimited
due to the Tow order expansion. In particular, the equations should
not be trusted for czlfi > 0.05.

However, if we are willing to assume ai =0 = 52 = ¢ then

an exact result can be obtained.

For the El distribution one obtains:

[1+ coszg + Az(l - D(a))(1 - 3c0529)] (28)

[

W(e) £l =

For the E2 distribution one obtains:

W(e)E2 :-% - cosae - ZAZ §BSin29 cosze‘a2cos4e +

- %vD(x)(sinze - 4c052e) sinzeé + (29)
- 3A4§4C0349 + %-sin4e-=125inze c0529§(1 - D(A))]

In these equations x = a/IZ and D(x) = V2 » F(1/¥2 1) where
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is the Dawson's integral. One can verify immediately that both
expressions behave as expected in the limits of » = 0 and » ==, In
fig. 8 one can verify that the anisotropy W(0)/W(90") tends to 1 when
» tends to infinity both for E1 and E2 transitions, while it tends to
0 for £E2 and to 2 for El when » = 0.

For convenience of calculations, we give here an expansion of
th

order in a which is adequate up to AZ < 0.4

these equations up to 8

For E1 we obtain:

W(e) = %»[l + cosze + xz(l - 3c0529)
- xq(l - 3c0329)
(30)
- A6(l - 3c0529)
-3 xg(l - 3C0$2@)j
W) _2-2°+ %+ 2%+ 58
2 4 6 8

W(90") L+ =2 =2 =3

Simitlarly, for E£2 we obtain:

)

We)g, = 7

[1 - c0549 - 2A2§3sin29-c032@~=2cos49§
- 3A4§4COS49 + sin4e;=105inze c0329§

) | (31)

+ 6x6§2cos o + sin4e~=7sin26 cosze

+ 3A8§3sin49 + 4cos4e‘=18$inze coszeé]
Wo') _ 4A2(l et e 3x6)
W(90°) (1 - Y+ 60+ a8
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It is recommended that these last equations be used instead of
eqs. (21, 23, 25 and 27) in actual calculations.

These results are graphically summarized in fig. 9 where the
anisotropy is plotted as a function of the fraction of El radiation
for various values of czlfze The two extreme possibilities of
stretched and non-stretched E1 decay are considered. If one has a
fairly good experimental idea of the amount of El radiation to be ex-
pected from a given fragment and'of its degree of stretching, the
measurement of the anisotropy yields directly the value of cz/fz,
which is of course the most direct information about the misalignment.

It goes without saying that if one is to deal with a distribution
of fragment spins, the angular distribution associated with each spin
I should be weighted by a factor proportional to I in order to account
for the fact that each nucleus with spin I emits about I/2 gamma rays
all with essentially the same angular distribution.

Application to Experimental y-Ray Angular Distributions

An interesting measurement has been carried out for the reactionlo

1400 Mev 1040 + 165

Ho + Ho. This system was chosen because large
amounts of angular momentum can be transferred into the intrinsic spin
(I) of these nuclei, which are known to have good rotational proper-
ties. As a consequence, both of the essentially identical DI-fragments
emit similar continuum y-ray spectra which are strongly enriched in E2
transitions (~80 percent).

Figure 10(a) shows the fragments' energy spectrum obtained at an

angle slightly greater than the grazing angle. Figure 10(b) shows the
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intrinsic spin of one of the two reaction fragments after neutron
emission {circles). The primary fragment spin obtained from MY
with correction for neutron emission (solid line) is also shown.

The ratio of in-plane to out-of-plane y-ray yield ("anisotropy")
for energies between 0.6 and 1.2 MeV (squares) is shown in fig. 2(b).
This anisotropy rises with increasing spin transfer; it peaks at a
value of ~2.2, slightly before the spin saturates, and then drops to
near unity for large Q-values. Figure 2(c) shows the dependence of
the anisotropy on both EY and Q in two-dimensional contour diagram.

The initial rise of anisotropy with increasing Q-value indicates
that during the early stages of energy damping there is a rapid buildup
of aligned spin. The subsequent fall observed at larger Q-values
suggests that the aligned component of spin has saturated or is de-
creasing, whereas randomly-oriented components continue to increase,
causing a significant decrease in the alignment of the fragments' spin.

Figure 11(a) shows experimental values of the anisotropy for EY
greater than 0.3 MeV compared to several stages of the model calcula-
tion. The spin I was determined from the y-ray multiplicity, and
the anisotropy was then calculated (fig. 11(a)), solid line). This
calculation reproduces both the shape and the magnitude of the data.
To give a feeling for the importance of various contributions, the
same calculation is shown with no correction for neutron evaporation
(curve 2), assuming no statistical transitions (curve 3), and with no

thermal effects (curve 4). This comparison clearly shows that the most
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important effect is the thermally induced misalignment, indicating that
the decrease of alignment as deduced from the anisotropy is inherent
to the deep-inelastic process itself.

By gating on the 0.6-1.2 MeV region of the EY spectra, one both
increases the fraction of E2-transitions and biases the spin distri-
bution to larger values, which should yield larger anisotropies. In
fig. 11(b), measured (symbols) and calculated (solid 1ine) anisotropies
are shown for the 0.6-1.2 MeV y-ray region. These data show the
expected larger anisotropies, which the model calculations reproduce,
Summary

The purpose of this paper has been to provide general, easy and
simple to use expressions for the angular distributions of particles
and gamma-rays emitted by deep inelastic fragments. The models used
in deriving the various equations are semiclassical and the assumed
distributions for the angular momentum compounds are Gaussians. This
combination of features has allowed us to obtain analytical expressions
which are expected to be valid in most cases and whose physics is

quite transparent.
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Figure Captions

Fig. 1. (a)bA pictorial description of the tilting mode and of the
doubly degenerate wriggling modes for the two equal sphere
model. The arrow originating at the point of tangency
represents the orbital angular momentum while the shorter
arrows represent the individual fragment spins.

(b) A pictorial illustration of the twisting and bending
modes for the two equal sphere model. Note the pairwise
cancellation of the fragment spins.

Fig. 2. Calculated in-plane (dashed line) and out-of-plane (solid
lines) angular distributions for sequential fission fragments
in the reaction 60 MeV Kr + Au. The in-plane anisotropy is
artifically generated by setting g, = 0.

Fig. 3. Calculated sequential fission angular distributions for the
system 600 MeV Kr + Au. The curve labeled g = 0.0
corresponds to disregarding neutron emission fission
competition. The more realistic curve labeled g = 0.00194
gives a FWHM of 54°.

Fig. 4. Experimental full width at half maximum of the out-of-plane
angular distribution for fission and non-fission components

86

as a function of Z in the reaction 618 MeV “Kr +

1
197Au.,*°l The squares represent the data in the lab
system, the triangles the data in the center of mass of the
Au-Tike fragment. The dots represent the non fissioning

Au-1ike recoils.,
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. Calculated out-of-plane angular distribution for sequential

alpha decay from the Ag-like fragment in the reaction 664 MeV

84 nat

kr + "Yg (dashed Tine.” The solid line has been

obtained by setting ¢ = 0.

. Experimental alpha particle angular distributions for several

Z-bins as a function of out-of-plane angle for the same
reaction as in Fig. 5. The Z bins are 3 Z's wide and are
indicated by the median Z. In Section (a) there is no
coincident y-ray requirement while in (b) there are 2 or mcre
coincident y-rays. The curves in section (b) are normalized

at 90° to those in (a) for the same Z bin.

. Average heavy fragment spin as a function of the light

fragment atomic number. The dots represent the spins ex-
tracted from data without y-ray coincidence requirement. The
open circles represent the spins obtained when 2 or more
y-rays are required in coincidence. The Tine represents the

rigid rotation limit for two equally deformed spheroids with

ratio of axis 2:1,,7

2
z

for a mixture of stretched E2 and El transitions (see text).

(a) Dependence of the gamma-ray anisotropy upon cZ/T

(b) Same as in 8(a), but for a mixture of random E1 and
stretched E2.

(a) Gamma-ray anisotropy for a mixture of stretched El and E2
transitions as a function of the fraction of El radiation for

various values of ozlfg,
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l65Ho + l65H0 reactionlo

Fig. 10. (a) Q-value spectrum for the
at 277 in the laboratory.
(b) Post— (circles) and pre(solid line) neutron emission
values of the spin per fragment <Il> as a function of the
reaction Q-value. The anisotropies, W(in/L), are also shown
(squares) for the EY region 0.6-1.2 MeV.
(c) Anisotropy contours for coordinates EY and Q.

Fig. 11. Experimental (symbols) and calculated (curves) values of the
anisotropy, W(in/L), (a) for y-rays greater than 0.3 MeV and
(b) for the region 0.6 MeV < EY < 1.2 MeV. In part (a)
curve 2 disregards neutron evaporation, curve 3 assumes no
statistical El transitions, and curve 4 disregards the thermal
excitation of angular momentum bearing modes. The latter

effect is dominant in determining the magnitude and Q-value

dependence of the anisotropy.
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